We studied the evolution of relativistic electrons in the Fanaro -Riley Type I (FR I) galaxy 3C449, by observing with the VLA at three frequencies (330, 1445 and 4835 MHz) and in all 4 con gurations for a primary resolution of 3."6.
Introduction
The conventional model of the evolution of relativistic particles (in FR I type galaxies) can be summed up as follows: particles are accelerated to relativistic energies in the core of a radio galaxy. As the jet carries these particles and magnetic elds away from the core the particles lose energy through synchrotron radiation (e.g., Hughes 1991, Leahy 1991) . A variety of arguments suggest that some sources may also experience relativistic particle acceleration away from the core (e.g., Eilek and Hughes 1991.) Our goals in observing 3C449 were to 1) measure the shape of the injection spectrum and 2) determine if and how the spectrum evolves.
For three decades the shape of the initial synchrotron spectrum has been assumed to be a power law (e.g., Scheuer and Williams 1967 , Bridle and Perley 1984 , Begelman et al., 1984 ; therefore, acceleration processes that produce a power law distribution of relativistic electron energies such as Fermi acceleration have been favored (e.g., Longair 1981, Eilek and Hughes 1991.) In addition, the integrated synchrotron spectra for many of these sources are power laws (Kuhr et al. 1981, Herbig and Readhead 1992.) However, power laws may not be as ubiquitous as we have thought. Observations of active galactic nuclei (AGN) and quasars beyond the radio part of the spectrum have questioned the regime over which the power law approximation is valid (e.g., Landau et al. 1986 (AGN) and the discussion of Cheng et al. 1991 (quasars) ). Also, the mixing of curved spectra can make the integrated spectrum a power law (Katz-Stone, Rudnick and Anderson 1993, hereafter KRA) . This may explain why 55% of the spectra in Herbig and Readhead's compendium of radio spectra are power laws (Herbig and Readhead 1992 .) Also, various factors can a ect the theoretical shape of the initial electron distribution (e.g., Eilek and Arendt 1996) .
It is important to determine when the power law assumption is appropriate. After an { 4 { initial acceleration many processes can alter the shape of the synchrotron spectrum. We decided to determine the shape of the injection spectrum because although it is likely to be a power law, if it is not a power law this could have immediate implications for our models of the acceleration processes. To determine the shape of the injection spectrum, at least three frequencies in a jet near the core must be examined. The review article of Muxlow and Garrington (1991) which summarizes observations of large scale extragalactic jets reports that jets typically have spectral indices around -0.6; but we are not aware of any clean measurements of the shape of the injection spectrum.
There are a few sources with strong jets that have been observed at three frequencies. Neither B2 0326+39 (Bridle et al. 1991 ) nor 3C31 (Andernach et al., 1992) show evidence for a power law in the inner jet, but (as Bridle et al. 1991 points out for B2 0326+39) the resolution is low enough to blend emission from several components. The observations by Conway et al. (1993) of quasar 3C273 do not have a clear signature of a power law; in this case synchrotron self absorption may alter the observed spectrum. In NGC4869, Dallacasa et al. (1989) observed a power law for approximately 2 beams near the core and two hot spots, but it is not obvious how the blending of the core , the hot spots and the jet may a ect the spectrum of this narrow angle tail (NAT). In 3C317 (Zhao et al. 1993) , there is no evidence for a power law portion of the spectrum, but it is di cult to isolate the jet which means we cannot conclusively determine shape of the injection spectrum.
We (KRA) developed a technique to measure the shape of the synchrotron spectrum over a very broad range in energies using only three-frequency observations. Our application of this to the FR II galaxy Cygnus A showed no evidence for a power law portion of the spectrum anywhere in the source. Where the Cygnus A jet could be isolated from the background, it shows shapes that are only slightly curved, with a range of characteristic slopes (Rudnick and Katz-Stone 1996.) { 5 { Our goal in observing 3C449 was to measure the shape of the injection spectrum in a source with a strong jet and where we believe the dynamics are simple. If the particles are accelerated in the core and then travel out in two jets, we should see a power law near the core which steepens at high frequencies (see Section 3) as a function of distance from the core.
In Figure 1 we show our 20 cm map of 3C449, which shows its FR I structure. The early two-frequency observations taken by Perley, Willis and Scott (1979) show a slight variation in spectral index between 20 and 6 cm within one arcmin of the core; the northern jet also appears somewhat steeper than the southern jet. Other two-frequency spectral index observations of 3C449 show a slight steepening of the spectrum far from the core (Birkinshaw et al. 1981 , Jagers 1987 . The low resolution observations of Andernach et al., 1992 show a steepening of the spectrum with distance from the core out to 9'. Since they have multiple frequencies, we can begin to examine the spectral shape. Their data do not show evidence for a power law in the inner jet, but since the observations are at low resolution there is a mixing of the core and the jet components. The Andernach et al., 1992 observations also imply an unusual shape to the synchrotron spectrum; it has an in ection point which is unexpected in synchrotron loss models. In summary, none of the existing observations of 3C449 give a clean picture of the shape of the injection spectrum.
Throughout this paper we have de ned the spectral index, , such that I( ) = I 0 .
EDITOR: PLACE FIGURE 1 HERE. { 6 {
Observations
We observed 3C449 with the Very Large Array (VLA 1 ). We collected data at 3 frequencies at 3."6 resolution: = 330. 25, 1445. and 4835.1 MHz ( = 90, 20 and 6 cm) with observations in the smaller con gurations to minimize the missing ux. Our observations are summarized in Table 1. EDITOR: PLACE TABLE 1 HERE.
The primary ux calibration for all wavelengths was based upon 3C286. The assumed ux densities were set to the Baars' ux scale (Baars et al., (1977) ), using the values incorporated into the AIPS task SETJY by R. Perley, and listed in Table 2 here.   EDITOR: PLACE TABLE 2 HERE. All the data were calibrated using standard techniques with BL Lac as phase calibrator. In addition there were 10 to 15 self-calibration passes of phase calibration and 1 pass of the amplitude calibration. All the maps in this paper were deconvolved with the`CLEAN' algorithm as implemented by the AIPS task`MX' and were corrected for the attenuation due to the primary beam.
Since these data were self-calibrated, absolute positional information is lost. There could be a relative shift between the various maps. Based on our examination of spectral features in the map, we determined that a shift of the 6 cm map 0."06, 0."16 in RA, { 7 { Dec was necessary to properly align it with the 20 cm map. This is discussed further in Section 4.2.
The amplitude calibration procedure has an uncertainty of 5%. In order to reduce this possible bias, we checked our amplitude calibration by combining our observations at 20 cm, 6 cm with those of Perley and Feretti (private communication) at 3.6 cm. Using our nominal calibration, both the background source at (RA 22 28 52.672, Dec 39 08 59.84) and the core (Figure 1 ) showed slightly inverted (positive ), slightly concave-up spectra. We believe the background object may be an extragalactic active nucleus or a compact HII region. We looked for an optical counterpart on the Digitized Palomar Sky Survey and found nothing down to the plate limit (m=20). For an extragalactic source, it is less likely to observe a concave up spectrum then concave down (Kuhr et al. 1981, Herbig and Readhead 1992) . For a compact HII region typical spectra are not usually concave up between 1 and 10 GHz (Wood and Churchwell 1989) . The core may have a positive spectral index due to synchrotron self absorption, but again a concave up spectrum would be unusual (Longair 1981) . As a conservative estimate of the shape of these spectra we therefore assumed them to be local inverted power laws. By multiplying the 6 cm data by 1.03, both spectra become power laws. In addition, a combination of our nominally calibrated data at 90 cm, 20 cm and 6 cm with data at 3.6 cm on an arbitrary place in the jet showed a spectrum with an in ection point which disappears when the 3% correction is applied. It seems unlikely to observe these three unusual spectra which are all corrected by a single factor as shown in Tables 3 and 4 . We therefore applied this correction of 1.03 to the entire 6 cm map. The synchrotron losses measured as a function of distance from the site of particle acceleration should depend on the time since the particles were energized; this time is known as the \age". The age is universally estimated from the observed or calculated break frequency in the spectrum assuming that the electrons have been radiating in a constant magnetic eld (e.g., Longair 1981 ).
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The actual shape of the aged spectrum depends upon the details of the aging process. We will consider three di erent aging models which provide di erent shape spectra. The Kardashev-Pacholczyk (KP) model (Kardashev 1962 and Pacholczyk 1970 ) considers a single injection of particles with no subsequent scattering in pitch angle. The Ja e and Perola (JP) model (Ja e and Perola 1974) is similar to the KP model, but allows for pitch angle scattering; as a result, the JP spectrum shows a faster fallo at high frequencies than the KP model and, unlike the KP model, can become arbitrarily steep (Pacholczyk 1970) . In addition to these single burst models there is a continuous injection model (CI) which assumes a fresh supply of electrons being injected continuously with power law spectra. Since there is always a fresh supply of young high energy electrons, the CI spectrum can only steepen to = inj ? 0:5 where inj is the spectral index of the power law at low frequencies.
Signature of Magnetic Field Variations
Alternatively, an observed steepening of the spectrum may be explained by a decrease in the local magnetic eld. Our observing frequency depends on the magnetic eld, B, and the energy of the particles, as
(1)
Since we do not change our observing frequency as we observe di erent magnetic elds in the source, we are observing a di erent part of the relativistic electron distribution. If the distribution of relativistic energies has some curvature, we will observe a change in spectral index, although no further aging has taken place.
Variations in the magnetic eld without changes in the electron energy distribution can be represented as a shift of the spectrum in the log(I) -log( ) space, while the observing frequency remains xed. In particular, the spectrum would shift by the same amount on the log(I) axis as it would shift along the log( ) axis (Katz-Stone and Rudnick 1994.) In KRA, we showed that this was a possible explanation for the spectral variations in Cygnus A. In the analysis below we explore the roles of aging and magnetic eld variations in 3C449.
Signature of Adiabatic Expansion
Similar to a magnetic eld variation, an adiabatic expansion would shift the spectrum by equal amounts on the log(I) and log( ) axes. This is derived below. We start by considering an adiabatic expansion from an expansion factor R 0 to R 1 (Leahy 1991, Katz-Stone and Rudnick 1994) , then 
where n is the number density of electrons.
where is the emissivity and the scaling by nB is derived in Katz-Stone and Rudnick 1994. Then for the surface brightness scaling 2 , we nd
Therefore, an adiabatic expansion will produce a shift along the log( ) axis that is the same as the shift along log(I).
Results
In the remainder of this paper, we will focus on our observations of the inner 5 0 of 3C449. The signal-to-noise ratio beyond this region is not high enough in the 90 and 6 cm maps to determine spectral indices to the required accuracy. In addition, we will make use of the 3.6 cm data graciously provided by R. Perley and L. Feretti (private communication).
{ 11 {
In KRA, we introduced the use of color-color diagrams as a plot of spectral index pairs for various positions in a source as a way to study the shape of the synchrotron spectrum. We used our 90, 20 and 6 cm observations of 3C449 to construct the color-color diagrams for the inner 5' (Figures 2 and 3) . Each point comes from the integration of the ux over east-west slices at each frequency. The errors were estimated from the o -source rms near the center of the map, corrected for the primary beam attenuation and reduced by the square root of the number of independent points in each slice. Figure 2 We plotted these spectral indices as a function of distance from the core (Figure 4 ), in order to look for evidence of synchrotron aging and other processes.
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The inner region of the graph is the easiest to understand. Within 50 arcsec on either side of the core we see 20 90 = 6 20 = ?0:53 within the errors. For distances greater than 90", in the north, the quality of the data cannot rule out the possibility that the spectrum becomes a slightly steeper power law ( -0.6). For distances greater than 90", in the south, 20 90 remains constant while 6 20 steepens; this would imply that the spectrum becomes curved. { 12 { There are two caveats to interpreting these data. One, these spectral indices were calculated by integrating the ux over the entire width of the slice. This means that if there is more than one spectral component in the slice, then the calculated spectral index will be some type of weighted average. Beyond about one arcmin from the core the spectral indices are, indeed, a combination of spectral components as we will show below. Another concern is that the core has a positive spectral index of +.56; this corrupts the points within 8". We need to nd a way to identify separate spectral components; this is the focus of the next section.
Introduction to Tomography Maps
EDITOR: PLACE FIGURE 5 HERE.
In Figure 5 , we show a spectral index map made between 6 and 20 cm. Between 1' and 2.'3 to the south of the core, the spectral index map hints of two spectral components. In order to isolate the contribution due to a single spectral component here and elsewhere, we have made a gallery of tomography maps ( Figure 6) 
If for some position in the source, there exists only one component and it has a spectral index of 6 20 = t , then this component should appear to vanish against the local background in the map I tom ( t ). If there is another overlapping component with a di erent spectral index, then the residual in the I tom ( t ) map will be due to the second component alone.
It is possible, in principle, to determine the spectral index of a feature by determining { 13 { in which I tom ( 6 20 ) map the feature disappears, with respect to either the local background. In practice, we found it easier to identify the maps in which a feature rst appears as a positive residual and a negative residual as we scan through a range of 6 20 values; this then brackets the spectral index of that feature. This will become clearer in the next section where we present some examples.
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Separating Spectral Features
In Figure 6 , most of the inner 50" of the jet is lighter than the background in the t = -0.52 map and darker than the background in the t = -0.54. In other words, the jet is seen as a positive residual in the t =-0.52 map and a negative residual in the t =-0.54 map; this means that a reasonable estimate for this part of the jet is -0.53 :01. For this isolated component, we con rm the determination of the spectral index from either Figure 4 or 5.
Beyond this region in both the north and the south, the source seems to widen (Figure 1 ). In the tomography maps, we can see that the jet actually stays relatively collimated while a new spectral component appears. We will refer to this at, collimated feature as the \ at jet" and the wider feature as the \sheath". The inner jet near the core is marginally resolved (width 3."6) and widens to 7" in the south, and to 10" in the north (see also Perley et al. 1979) . Beyond the inner jet, the combination of spectral components makes measuring the width of a single component somewhat ambiguous; therefore we have made estimates of the upper limit of the width of the at jet using a gaussian t. At the widest point in the south, just above the ring (de ned below, RA 22 29 6.445 Dec 39 04 19.70), we estimate the upper limit of the width of the spectral jet to be 11."4 and for the north (RA 22 29 5.722 Dec 39 07 19.70), we estimate the upper limit of { 14 { the width as 12."3. Therefore, the at jet widens by no more than 3.5 times over 50 kpc, although the entire source width is 30".
In both the north and south the sheath appears on both sides of the jet, and a thin wisp of the sheath appears to wrap around the jet. In the north this is most easily seen in the 6 20 =-0.54 to -0.57 tomography maps ( Figure 6) ; the jet has a atter spectral index and appears darker than the sheath in Figure 6 . The sheath is seen immediately to the north and south of the at jet. A similar relationship can be seen in the south in the 6 20 =-0.57 to -0.63 tomography maps. We will refer to this feature as a \ring."
The sheath has a range of spectral indices, and there is a transverse dependence. In the south, for example, the spectral index of the sheath is steeper on the western side of the jet. Typical spectral indices for the sheath are provided in Table 5 .
We can estimate the spectral index of the at jet beyond the inner region from the tomography maps. We must determine where the at jet appears as a residual with respect to the steeper sheath; we see that the spectral index of the at jet is bracketed by -0.55 and -0.53.
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In Figure 1 and other published maps, it appears that there is a \gap" in the jets as they approach the core (e.g., Perley et al. 1979 ). In order to isolate possible emission from the jet near the core, we have made a gallery of tomography maps for 6 20 around the spectral index of the core (+0.56). In these maps (Figure 7) , we can see a residual jet component. We have taken slices parallel to the jet in these tomography maps (Figure 8) and can see the core disappear with respect to the \gap" jet component that stretches between the bright jets. The gap jet is 12" long and therefore cannot simply be the gaussian tails of bright jet edges. This further illustrates how we can use the tomography maps to { 15 { estimate the spectral index of one component which may otherwise appear blended with another component.
EDITOR: PLACE FIGURE 7 HERE.
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We estimated the ux and spectral index of this gap jet component by subtracting the contribution of the core (36.7 mJy/Beam at 6 cm) from both 20 and 6 cm maps assuming it to have +0.56 spectral index. We nd that the uxes of the gap jet are I 20 = 2:5 :1 mJy/beam and I 6 = 1:1 :3 mJy/beam respectively, yielding a spectral index, 6 20 = ?0:7 :2. Within one beam, the jet then brightens to 10 mJy/beam in the south and 8 mJy/beam in the north. In the gap, the jet is unresolved so the full width at half maximum is less than 2."5. In Table 5 , we have summarized some of the characteristic spectral indices for di erent source components.
One can ask whether the spectral tomography determinations of spectral indices give the same values as conventional techniques. In regions where there is a single component, the answer is yes. For the inner jet, both the spectral index map and the tomography gallery produce a spectral index of -0.53 between 20 and 6 cm. However, when there is more than one spectral component along the line of sight, then the methods will necessarily di er. Tomography of the at jet shows that it steepens to 6 20 -0.54+/-0.01 about 50" from the core, but a normal spectral index map shows the same region as steep at -0.60.
A slight shift in one map with respect to another can greatly alter the appearance of small scale features. For example, within 50" from the core, there appear to be two spectral components or a transverse dependence of spectral index in the jet. This is best illustrated { 16 { in the 6 20 = -0.50 to -0.52 tomography maps. We attempted to shift the 6 cm map relative to the 20 cm map; we found that although we could easily alter the appearance of this feature, it is always present in some form. Figure 9 illustrates this point. If we do not shift the 6 cm map, we see that there is a gradient in spectral index across both the jet and the background source (Figure 9 -left) . If we align the jet, we see that there is only a slight residual for the background source (Figure 9 -right.) We have therefore chosen the alignment that makes the jet appear transversely symmetric in spectral index. This choice will not a ect the rest of the discussion.
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DISCUSSION

The Second Spectral Component -A Sheath?
In the tomography maps of Figure 6 , we can see that the at jet remains relatively collimated in both the north and the south, widening by no more than a factor of 3.5. A second component with a steeper spectral index accounts for the additional widening of the source of the source beyond the inner 2'. Therefore the observed expansion of the source in Figure 1 , for example, is not due to an expansion of the jet itself as previously believed (e.g., Birkinshaw et al. 1981) , but due to a second component which we have labeled thè sheath'.
There is additional evidence for a second structural component from already published polarization data. Without the Faraday rotation distribution, we cannot infer the absolution position angle of the magnetic eld from the 20 cm data of Jagers (1987) , but we see that the magnetic eld orientation changes dramatically from the at jet to the sheath. In the { 17 { 3.6 cm polarization map of R. Perley and L. Feretti (private communication), we see the magnetic eld is perpendicular to the jet even where the jet bends (at about 1.'5 to 2' away from the core), whereas the magnetic eld is parallel to the edges in the sheath component.
The numerical simulations of Loken et al. (1995) may provide an insight into how a sheath expands while the jet remains collimated. Loken et al. simulate a jet as it emerges from an interstellar medium into an intracluster medium with a subsonic cross-wind. While in the ISM the jet develops a sheath. As the jet with its sheath cross the discontinuity between the two media, the sheath is dragged downwind and becomes distended while the jet bends gently and remains somewhat collimated.
This may be a reasonable scenario for 3C449. It is in the open cluster Zw 2231.2+3732, and Miley et al. (1983) observed an extended x-ray source (FWHM 2.'0 0.'5) coincident with the optical galaxy. As for the optical galaxy, it is double galaxy; the optical observations of Balcells et al. (1995) indicate the extent of the common envelope may be as large as 1.'. The x-ray and optical data together mean that there could be a transition on a scale that matches the radio observations; the jet bends about one arcmin from the core, and the sheath begins to expand at about 1.'3 from the core. Further, if the x-ray data are indicative of an intracluster medium, there may be a contact discontinuity just before we observe the expansion of the source, as required by the Loken et al. model.
We note that just before the sheath expands (about 1' from the core) the jet diminishes in surface brightness. We can o er no explanation for this.
Spectral Index Variations
Our rst goal was to measure the shape of the injection spectrum in a strong jet. We found that the shape of this spectrum is indeed a power law with a spectral index of -0.53.
{ 18 {
This means that the power law assumption appears valid for the injection spectrum in 3C449, and it supports the theory that Fermi acceleration creates the initial distribution of electron energies. As noted previously, this situation does not hold for the Cygnus A jet.
Because the 90, 20 and 6 cm data are so close to the power law line (Figure 3) for the at jet, we need to use 3.6 cm data (taken by R. Perley and L. Feretti) in order to nd signatures of energy gain/loss processes in the spectra of at jet and the sheath. Further, while at jet and sheath components can be seen in both the north and the south, we focused on 7 positions in the southern part of the source from Dec 39 05 9.50 to Dec 39 04 16.70. The three most northern of these positions were on the inner jet so there is no local confusing sheath component. The next three points come from places where both the sheath and the at jet are present. The last position is where the sheath apparently forms a ring around the at jet. Recognizing that determining the spectral index of overlapping features can be somewhat subjective, each of the authors independently studied two sets of tomography galleries ( 6 20 and 3:6 6 ) displayed using pseudocolors and bracketed the spectral index of the at jet and the ring. These values were used to estimate the spectral index for each feature, along with an estimate of the error.
Then we plotted these data on a color-color diagram (Figure 10 ). The color-color diagram highlights two important results. First, there is a separation between the at jet points and the sheath such that the at jet points are clustered around 6 20 =-0.53 while the sheath points are near 6 20 =-0.71. This could indicate that at jet and the sheath have independent injection indices and therefore two separate electron populations. Perhaps, in this case, the sheath is made up of particles which do not originate from the core, but are energized in situ as the jet interacts with the external medium. While separate electron populations is a possibility, for the rest of this discussion we will explore the alternate possibility that there is some evolutionary connection between the sheath population and the at jet population. Therefore, we tested the three theoretical aging models described in Section 3.1. We constrained the injection index to be -0.53. This produced the second key result from the color-color diagram; the CI (solid line) spectrum simultaneously ts the centroids of both the at jet and sheath points best. While we cannot conclusively rule out the other two aging models, we will assume a CI spectrum for the rest of this discussion.
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Having established a theoretical shape for the synchrotron spectrum, we focused our attention on a position in the at jet (RA 22 29 5.878 Dec 39 04 56.30) and the immediately surrounding sheath. We choose this position because we could separate the two components cleanly enough to make reasonable spectral measurements. We determined the spectral indices from the tomography gallery as discussed previously. In order to x the overall uxes of the at jet and sheath, we made a two component gaussian t of a transverse slice at 20 cm. Then calculated the uxes at all three frequencies and, we used the program developed by Carilli et al. 1991 to nd the best (lowest 2 ) CI t ( inj = ?0:53) to the at jet and sheath spectra. This yielded nominal break frequencies of 150 (6.6) GHz with 2 values of 0.003 (1.4) for the at jet (sheath). A plot of log(I) versus log( ) for both the sheath and the at jet is shown in Figure 11 . EDITOR: PLACE FIGURE 11 HERE.
We then tested the idea that some simple physical process could transform the spectrum of the jet into that of the sheath. If the sheath particles are the same age as the at jet particles, but the sheath has a lower magnetic eld or if the sheath is an adiabatically expanded version of the at jet, then the sheath spectrum would be shifted relative to the at jet spectrum along both the log(I) and the log( ) axes by equal amounts.
{ 20 { As a rst attempt at nding an appropriate shift, we used the di erence in the log of the calculated break frequencies (log( s ) ? log( fj ) = ?1:4) where s ( fj ) is the break frequency of the sheath ( at jet). As shown in Figure 11 , we shifted the at jet spectrum by -1.4 along the log(I) and log( ) axes as is appropriate if the sheath were in a lower magnetic eld or an adiabatically expanded version of the at jet material. We would then expect the shifted at jet spectrum to be on top of the sheath spectrum, but instead, we see that the shifted at jet spectrum falls well below and to the left of the sheath spectrum.
Recognizing that the break frequency we found for the at jet is about 18 times higher than our highest observing frequency and therefore uncertain, we tried to nd a somewhat higher 2 t to the at jet spectrum that would allow for a smaller shift towards the sheath spectrum. In order to reduce the shift along log( ) to -0.2 (which would produce the best overlap of the shifted at jet spectrum and the sheath spectrum), the 2 of the t to the at jet spectrum would exceed 80. Thus, we conclude that neither a simple change in the magnetic nor an adiabatic expansion alone can account for the di erence in the spectra of the at jet and the sheath.
However, it is possible that the sheath is an adiabatic expansion of the at jet or simply in lower magnetic eld and older than the at jet. To estimate how much older the sheath would be compared to the at jet, we assume that of the 1.4 di erence in the log of the break frequencies 0.2 is due to a di erence in the magnetic eld and 1.2 is due to di erence in the ages (t fj and t s ). Then 
So the sheath could be made up of material that is 8 times older than the at jet material and is in a 1.6 times lower magnetic eld.
There are a couple of scenarios that are consistent with this result. 1) It is possible that the sheath and at jet particles travel out from the core independently. The sheath would travel out in a somewhat lower magnetic eld at lower velocity than the at jet (e.g., Sol et al. (1989) , Achatz et al., 1990) . 2) Both the sheath and at jet particles travel out along the at jet, but the sheath may be formed as at jet particles di use outward into a lower magnetic eld region. A slow process or turbulent ow may then explain the older age measured for the sheath (e.g., Hanasz and Sol 1996) .
Questions Raised by the Newly Identi ed Structures
We have shown, primarily through the use of the gallery of tomography maps (Figure 6 ), that 3C449 is made up of several spectral components. In particular, we have introduced the at jet, the sheath and the gap jet. In this section we will brie y consider the implications of 1) the gap jet and 2) the superposition of the jet with the sheath. In a future paper that will include our observations of two wide angle tails (WATs), we will explore how the separation of spectral components a ects our picture of radio galaxies in general.
Gaps of a few kpc have been noticed between the cores and jets in radio galaxies including 3C449 (e.g., Perley et al. 1979, and as reviewed by Muxlow 1993) . These regions of fainter emission may be due variations in the power of the central engine, or to more e cient transport of material near the core making the jet less visible (e.g., Miley 1980).
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For example, recent work by Ekejiuba et al. (1992) modeled the transport in this region by neutrons that travel through the gap before they decay into the protons which in turn create, through collisions, the relativistic electrons which light the jets.
The existence of the gap jet in 3C449 may be important for energy transport models, and also raises more questions. Since we observe a brightness in this gap of 2.5 mJy/beam at 20 cm, at least some relativistic electrons must exist in the rst 1 kpc from the core. In addition, the gap jet may be steeper than the rest of the inner jet. Does this mean that electrons are not yet fully accelerated? Or is the gap actually lit by sheath material? Or is the transport mechanism less e cient for higher energy electrons? These questions need further theoretical attention.
As we have seen the mixing of spectral components can confuse our interpretation of total intensity maps. For example, using the de nition given by de Ruiter et al. (1990) for a hot spot, there is one in 3C449 around RA 22 29 6.290 Dec 39 04 20.30. This hot spot appears to be double peaked with one of the peaks falling where a wisp of the sheath crosses the at jet as seen in Figure 6 . in the 6 20 =-0.54 map, and the other peak just south of that point where a ring appears to cross the at jet (Figure 1 ). Unlike the more powerful FR II galaxies, this hot spot does not appear to represent the point of impact of the jet followed by back ow; it is a superposition of spectral components. O'Donoghue et al. (1993) point out that the hot spots in WATs are places of transition; they occur where the source bends the most and just before it expands and diminishes in surface brightness. This description of the WATs resembles our observation of 3C449; perhaps this implies that the hot spots in WATs are due to the superposition of spectral components. 1) the injection spectrum of relativistic electrons is a power law as is usually assumed, but had not previously been clearly seen;
2) the at jet broadens by only a factor of 3.5 before terminating, with no enhancement of emission such as a hot spot;
3) the observed broadening of the source, at about 1.'5 from the nucleus, is due to a spectrally distinct component, here labeled the`sheath'; 4) the exact relationship between the sheath and the at jet is still uncertain, but the sheath could be 8 times older and have a 1.6 times lower magnetic eld than the at jet; 5) the overlap of such features as the sheath and at jet can lead to spurious conclusions regarding spectral and dynamical evolution, if they are not carefully isolated.
We wish to thank Rick Perley, Luigina Feretti and Marc Balcells for making their data of 3C449 available and Rick Perley, Marc Balcells, Thomas Jones, Terry Jones, Chris Butenho and the referee Jean Eilek for helpful discussions and comments. This research was supported, in part, by the Naval Academy Research Council and the ONR grant N0001496WR20018 and in part, at the University of Minnesota through National Science Foundation grant number AST 93-18959 to the University Minnesota . Figure 7 along the jet component. The bottom slice is for t =.46 and the top slice for t =.64. In the t =.46 slice, the core appears as a local minimum, and in t =.64 slice, it appears as a local maximum. The core disappears with respect to the jet for the slice made at t =.56. there is only a slight residual in the background source. Fig. 10 .| Color-color diagram for seven points in the southern part of 3C449. As explained in the text, we estimated separate spectral indices of the at jet (boxes) from the sheath (triangles) using spectral tomography galleries. The solid curve is the CI spectrum. The dashed line shows the JP spectra. The KP spectrum which nearly overlaps the JP spectrum in this diagram is left o for clarity. Fig. 11 .| Spectra of a point in the at jet (boxes) and a nearby place in the sheath (triangles). The curves are CI ( inj =-0.53) ts to the at jet (solid line) and the sheath (dashed line) data. The remaining curve represents a shift of the at jet's spectrum by -1.4 along both axes.
